r Chronic hypercapnia per se has distinct effects on the mechanisms regulating steady-state ventilation and the CO 2 /H + chemoreflex.
Introduction
Respiratory disease patients who hypoventilate and develop chronic hypercapnia often show poorer prognoses, decreased quality of life, poor cognitive function and higher mortality rates compared to similar disease patients who maintain pulmonary ventilation and arterial CO 2 (Incalzi et al. 1993; Costello et al. 1997; Schou et al. 2012; Slenter et al. 2012) . A characteristic common to a subset of these patients is a decline in the CO 2 /H + chemoreflex, as assessed by the ventilatory response to acutely elevated inspired CO 2 (InCO 2 ) (Kepron & Cherniack, 1973; Montes de Oca & Celli, 1998) . Contributing factors to the decline in the chemoreflex of these patients may be mechanical limitations, such as elevated airway resistance, or the presence of adaptations in the central or peripheral chemoreceptor reactivity following chronically elevated levels of CO 2 . However, determining the individual consequence of sustained hypercapnia on the temporal pattern of steady-state ventilation, the CO 2 /[H + ] chemoreflex, and the multiple morbidities within these patients is complicated by the presence of confounding factors, such as airway/pulmonary mechanical limitations and the variable presence of concurrent hypoxaemia.
Studies of chronic experimental hypercapnia have not provided a consensus regarding the temporal pattern of steady-state ventilation during chronically increased InCO 2 . Within minutes upon exposure to elevated InCO 2 there is a uniform, initial hyperpnoea (Schaefer, 1949 (Schaefer, , 1958 Schaefer et al. 1963a; Clark et al. 1971; Lai et al. 1973; Jennings & Chen, 1976; Pingree, 1977; Guillerm & Radziszewski, 1979; Jennings & Davidson, 1984; Kondo et al. 2000) that is followed by either a maintenance of the hyperpnoea (Kondo et al. 2000) , an attenuation in ventilation from initial exposure levels that is maintained for the duration of hypercapnic exposure (Schaefer, 1949; Schaefer et al. 1963a; Clark et al. 1971; Pingree, 1977; Guillerm & Radziszewski, 1979; Jennings & Davidson, 1984) , or a triphasic response consisting of an attenuation followed by a secondary elevation of ventilation toward initial exposure levels (Jennings & Chen, 1976) . Additionally, these changes in ventilation during chronic hypercapnia correlate poorly with measurable changes in either arterial or cerebrospinal fluid CO 2 /[H + ] (Jennings & Chen, 1976; Jennings & Davidson, 1984) . This dissociation between ventilation, P CO 2 and [H + ] led Jennings & Davidson (1984) to conclude, 'The mechanism(s) by which the increase in PCO 2 during chronic respiratory acidosis results in a sustained elevation of ventilation remains to be resolved.' Likewise, Dempsey & Forster (1982) concluded, 'It seems unlikely that measurable chemical stimuli acting at the carotid and [CNS] chemoreceptors can account for the hyperpnea' during chronically elevated InCO 2 .
Studies of the acute chemoreflex during chronic experimental hypercapnia also lack consensus, and have reported both a decrease (Schaefer, 1949; Chapin, 1955; Schaefer et al. 1963a; Guillerm & Radziszewski, 1979) , as well as minimal/no change in the slope of the ventilatory response to acute increases in InCO 2 above steady-state levels (Falchuk et al. 1966; Clark et al. 1971; Jennings & Chen, 1976; Jennings, 1979) during chronic hypercapnia. Importantly, the pattern of the acute chemoreflex during chronic hypercapnia does not always coincide with the pattern of steady-state ventilation, which suggests a disconnect between the effect of chronic hypercapnia on steady-state ventilation and the acute ventilatory CO 2 chemoreflex. In other words, the acute chemoreflex (V I /P aCO 2 or V I /[H + ]) during chronic experimental hypercapnia may not predict steady-state changes in ventilation. This apparent disconnect is further exemplified by studies of chronic hypercapnia induced by carotid body denervation (CBD). For example, during the 30 days following CBD in goats, there is sustained hypoventilation that leads to chronic hypercapnia. However, despite the sustained hypoventilation during the steady state, the acute CO 2 chemoreflex shows a triphasic response, with a recovery to control by day 15 before significantly declining again by day 30 following CBD (Miller et al. 2013 (Miller et al. , 2014 . Additionally, CBD in rats showed a sustained hypoventilation at rest without any measurable change in the acute ventilatory CO 2 chemoreflex (Mouradian et al. 2012) . The dissociation between steady-state ventilation and the acute hypercapnic ventilatory response has also been observed in humans following CBD resulting from resection surgery, where a sustained steady-state hypoventilation was observed for up to 32 months after CBD, despite a near-complete recovery of the hypercapnic ventilatory response by 18 months after CBD (Dahan et al. 2007) .
The apparent disconnect between steady-state ventilation and the acute ventilatory CO 2 chemoreflex during chronic experimental hypercapnia and CBD-induced hypercapnia suggests separate mechanisms determining steady-state ventilation and the acute ventilatory chemoreflex during chronic hypercapnia. Accordingly, one objective herein was to test the hypothesis that chronic hypercapnia per se will indeed cause a disconnect between steady-state ventilation and the acute chemoreflex.
A second objective was to test the hypothesis that chronic hypercapnia per se will decrease cognitive function. This hypothesis was based on findings of reduced cognitive function in COPD patients, which parallels the progression of the disease (Incalzi et al. 1993; Antonelli-Incalzi et al. 2006; Hung et al. 2009; Villeneuve et al. 2012) , and studies of CO 2 stresses, such as studies of environmental medicine showing an association between elevated InCO 2 and cognitive decline (Fothergill et al. 1991; Satish et al. 2012; Allen et al. 2016) . Patients with respiratory disease who also show cognitive decline have significantly higher mortality rates than patients with similar disease severity but normal cognitive function (Antonelli- Incalzi et al. 2006; Chang et al. 2012) . The specific aspects of cognition affected by respiratory diseases such as COPD vary widely, but include cognitive tasks such as verbal memory, attention, visuospatial memory, and executive functioning (Incalzi et al. 1997; Antonelli-Incalzi et al. 2008; Klein et al. 2010; Torres-Sanchez et al. 2015) . The cause(s) of cognitive decline in these patients is largely unknown, but has been proposed to correlate with multiple comorbid factors in COPD patients, such as hypoxaemia, hypertension, hypercapnia, inflammation and many others (Dodd et al. 2010; Andrianopoulos et al. 2017) . Determining the contributions of these associated factors on cognitive impairment within this patient population has been a major challenge given the presence of multiple comorbidities occurring simultaneously during COPD progression. However, the independent effect of chronic hypercapnia on cognitive function is unknown, and thus there is a need to determine whether hypercapnia per se leads to decreased cognitive function.
Methods

Ethical approval
All study protocols were reviewed and approved by the 
Study population and conditions
Data were obtained from 18 female goats weighing 40-50 kg. All goats were reared and transported under conditions specified by the USDA. The goats were chronically housed and studied individually in two specially constructed plexiglass environmental chambers (3.5 × 4 × 6 ft); one where the goat was maintained under normocapnic conditions and another in which the CO 2 levels could be increased. The temperature and relative humidity in the chambers were controlled and maintained within normal limits, and the photoperiods were fixed between 06.00 and 18.00 h daily. The goats were given access to feed and water ad libitum except during periods of study and 24 h fasting prior to surgery.
Surgical procedure
The goats underwent surgery to elevate the carotid arteries to subcutaneous levels for serial blood sampling, implant EMG wires into the diaphragm muscle and implant a data logger (StarOddi MilliHRT, Gardabaer, Iceland) subcutaneously near the axilla for continuous body temperature measurements. Briefly, the goats were anaesthetized with ketamine (I.V.), intubated, and mechanically ventilated with 2% isoflurane in 100% O 2 . For carotid elevation, carotid arteries were isolated from the vagi, elevated superficially from the muscle and sutured in place underneath the skin. For EMG implantation, the diaphragm was visualized between the 9th and 10th ribs, EMG electrodes were woven into the diaphragm, and externalized through the overlaying skin. Data loggers were implanted subcutaneously near the axilla. Following surgery, goats were administered flunixin meglumine (2 mg/kg, I.M.) once daily for 48 h for analgesia, and ceftiofur sodium (4 mg/kg, I.M.) daily to minimize infection. Following 2 weeks of recovery from surgery, carotid arteries were chronically catheterized through an indwelling catheter, which were flushed daily with both heparinized saline (0.1% heparin in saline) and heparin as a lock solution.
Measurements
For all physiological experiments, a mask was taped to the goat's snout to which a breathing valve was attached J Physiol 596.22 with the inspiratory port connected to a pneumotach, and the expiratory port connected to a Tissot gasometer. Inspiratory flow and diaphragmatic EMG activity were continually measured, and the data recorded and analysed digitally breath-by-breath through the software LabChart (ADInstruments, Colorado Springs, CO, USA) or Windaq (Dataq, Akron, OH, USA). Expired air was collected in a Tissot gasometer, and mixed expired gas composition was determined through a gas analyser (OxiGraph, Sunnyvale, CA, USA). Diaphragmatic EMG activity was amplified, collected, digitally filtered with a 100 Hz high-pass filter, averaged, rectified, integrated and assessed breath by breath through LabChart. A chronically placed catheter into the carotid artery was used to sample blood and assess heart rate and blood pressure. Arterial blood gas and pH measurements were made through a Siemens blood gas analyser (Rapid Lab 248, Bayer Health Care, Leverkusen, Germany) and the data corrected for body temperature and ambient pressure at the time of blood draw. Arterial blood electrolytes were analysed in whole blood through an ABL800 FLEX (Radiometer, Copenhagen, Denmark).
Experimental procedure
Following surgery, the goats were allowed 2 weeks of recovery during which they were acclimatized to the environmental chambers while breathing room air. Thereafter, control studies were completed while breathing room air to establish baseline physiological variables. Inspiratory minute ventilation (V I ), breathing frequency (f), tidal volume (V T ), heart rate and blood pressure were assessed over the course of 1-3 h between 08.00 and 12.00 h. Arterial blood from the carotid artery was sampled every 20-30 min, placed on ice, and assessed for blood gasses and electrolytes upon completion of studies. During arterial blood sampling, mixed expired air was collected every 5 min and assessed for the fractional concentration of expired CO 2 (F ECO 2 ) and the fractional concentration of expired O 2 (F EO 2 ). Oxygen consumption (V O 2 ), CO 2 excretion (V CO 2 ), mixed expired oxygen (P ECO 2 ), and mixed expired CO 2 (P ECO 2 ) were subsequently calculated from the expired air.
The acute CO 2 /[H + ] chemoreflex was assessed at the end of each 1-3 h study by elevating the InCO 2 to 3%, 5% and 7% InCO 2 for 5 min each, and arterial blood was sampled during minutes 3-5 of each exposure. CO 2 /[H + ] sensitivity was calculated as the change in ventilation, integrated diaphragmatic EMG and ventilatory drive (V T /T I ) responses as a function of the change in P aCO 2 and arterial [H + ] during acute elevations in InCO 2 . Cognitive function was assessed utilizing a daily visual discrimination test, whereby goats were presented 10 times with two shapes (X and O) on the outside wall of the environmental chamber. One shape was randomly assigned as the correct shape, and selection of the correct shape by the goat's snout resulted in a food reward. Shape discrimination was chosen to assess cognitive function because goats have been shown to excel at this particular cognitive task (Baldwin, 1979; Blakeman & Friend, 1986; Langbein et al. 2004 Langbein et al. , 2006 Langbein et al. , 2007 Langbein et al. , 2008 . Additionally, shape discrimination assesses aspects of cognitions such as executive function (Mar et al. 2013) , which has been shown to be affected in COPD patients (Dodd et al. 2010; Villeneuve et al. 2012) .
Following completion of room air control studies, InCO 2 in the hypercapnic goat's chamber was elevated to 6% InCO 2 , where it remained for 30 days with the exception of brief (ß15 min) periods of room air exposure daily that were required for feeding, medication and flushing of the arterial catheter. We chose 6% InCO 2 for chronic exposure, as this level of InCO 2 elicits elevations in P aCO 2 found in patients with moderate COPD severity, as well as previous studies of CBD-induced hypercapnia in the goat (Miller et al. 2013 (Miller et al. , 2014 . Steady-state physiological studies were repeated as described above every 3-4 days during the hypercapnic exposure. For CO 2 /[H + ] chemosensitivity assessment (during the hypercapnia period), InCO 2 was elevated to 7% and 8% InCO 2 for 5 min each at the end of the studies. The rationale for using 7% and 8% InCO 2 was to allow for elevation above steady-state InCO 2 . InCO 2 of 8% was not used for chemosensitivity assessment during the room air control period because the goats would not behaviourally tolerate this level of InCO 2 until chronically exposed to 6% InCO 2 for at least 24 h. Lastly, predicted minute ventilation for each day of chronic hypercapnia for subsequent comparison to recorded minute ventilation was calculated as the difference between steady-state arterial [H + ] at room air and 6% InCO 2 multiplied by the slope of the relationship between minute ventilation and arterial [H + ] during acute chemosensitivity assessment. This value represented the predicted elevation in minute ventilation above control room air values and was added to the previously recorded room air control ventilation to derive the predictedV I .
Euthanasia
Upon completion of exposure to 30 days of 6% InCO 2 or room air, goats were sedated with a ketamine/xylazine mixture (24:1 v/v/) and killed by pentobarbital sodium and phenytoin sodium (B-euthanasia).
Data and statistical analysis
Steady-state ventilatory data. Steady-state ventilatory data were acquired breath-by-breath, averaged into 5 min bins, and averaged over 1-3 h throughout each study. Arterial blood values,V O 2 ,V CO 2 , respiratory exchange ratio (RER), heart rate, blood pressure, mixed expired CO 2 , predicted ventilatory and electrolyte values measured over the course of each 1-3 h study were averaged to derive a mean value for each parameter during each day of study. The days in which the goats were studied during hypercapnia was maintained as consistent as possible, but small deviations were necessary due on occasion to non-functional arterial catheters. As such, the days of study during hypercapnia were binned as follows: days 1, 2, 4-6, 7-9, 10-12, 14-16, 17-19, 20-22, 23-26 and 27-30 . Steady-state ventilation, arterial blood gasses, acid-base, metabolic, heart rate, blood pressure, mixed expired CO 2 , predicted ventilation and electrolyte data were then averaged across goats for each binned time range. Steady-state ventilation, arterial blood gasses, acid-base, metabolic, heart rate, blood pressure, mixed expired CO 2 , and electrolyte data were subjected to a one-way repeated measures ANOVA, with a Holm-Sidak post hoc test, and predicted ventilation to a two-way ANOVA with time and condition (predicted or actual ventilation) as factors. Body temperature was recorded every 5 min throughout the protocol, and averaged for each hour of the day. Differences across days were subject to a two-way repeated measures ANOVA, with time of day and duration of hypercapnia as factors.
Acute CO 2 /H
+ chemoreflexes. The effect of chronic hypercapnia on the acute CO 2 /H + chemoreflex during the first week of hypercapnia varied temporally between goats, thus individual nadir values for each index was used to represent a nadir point during the first week of hypercapnia. Subsequent days following the first week were binned as described for other physiological variables listed above. Differences across days were subject to a one-way repeated measures ANOVA with a Holm-Sidak post hoc test.
Differences in theV I /[H + ] relationship during chronic hypercapnia were assessed using an analysis of covariance (ANCOVA).
Cognitive function. Cognitive function scores during the control period were averaged and compared to scores during chronic hypercapnia using a one-way repeated measures ANOVA with a Holm-Sidak post hoc test.
Results
Steady-state ventilatory adaptations during chronic hypercapniȧ
V I (Fig. 1A ) initially increased to 335% of control on Day 1 of hypercapnia, but declined to 249% of control by Day 2 of hypercapnia (P < 0.001). Ventilation decreased to a nadir near Day 8 (ß230% of control) with minimal changes thereafter. The initial hyperpnoea upon exposure to 6% InCO 2 was mediated through both an increase in breathing frequency (f) and tidal volume (V T ) (P < 0.001) (Fig. 1B,C) . However, f showed a progressive decline during the first week of hypercapnia, whereas V T initially declined between the first 2 days of hypercapnia but stayed near initial CO 2 exposure levels. This temporal pattern of ventilatory adaptation during chronic hypercapnia was paralleled by a reduction in expiratory time (T E ) that was sustained throughout the hypercapnic exposure (P < 0.001), and an initial small decline (P < 0.001) and return toward normal in inspiratory time (T I ), leading to a Upon exposure to 6% InCO 2 there is an initial increase inV I to 335% of room air control values (A), and thereafter V T progressively declined to a nadir of ß230% of control near day 8 and changed minimally thereafter (A). The initial hyperpnoea was mediated through both increased f and V T , but f returned toward control levels while V T remained elevated throughout the hypercapnic exposure (B, C). The solid lines provide a reference to control values obtained at room air prior to 6% InCO 2 . J Physiol 596.22 sustained elevation in ventilatory drive (V T /T I ; P < 0.001; Fig. 2A-C) . Minimal changes occurred in any ventilatory variable during 30 days exposure to room air in the control goats (Table 1) .
Arterial blood adaptations during chronic hypercapnia
P aCO 2 increased 10 torr upon initial exposure to 6% InCO 2 (Fig. 3A) . Thereafter there was a further 5 torr increase There was a small but significant reduction in T I during initial exposure to 6% InCO 2 , followed by a recovery to control during the first week of hypercapnia, with minimal changes thereafter (A). In contrast, T E remained significantly below control during 30 days of chronic hypercapnia (B), and there was a sustained elevation in ventilatory drive (C). The solid lines provide a reference to control values obtained at room air prior to 6% InCO 2 exposure. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
in P aCO 2 during the first week of hypercapnia, so that P aCO 2 remained ß15 torr above control for the duration of hypercapnic exposure (P < 0.001). The level of inspired O 2 was not controlled within the environmental chamber, and thus remained near an F IO 2 of 19.5% during hypercapnic exposure. However, due to the increase in ventilation, P aO 2 remained above control levels throughout the chronic hypercapnia (P < 0.001) (Fig. 3D ). Minimal changes occurred in P aCO 2 (P = 0.112) and P aO 2 (P = 0.302) during 30 days of exposure to room air in the control goats (Table 1) .
Arterial pH initially decreased (−0.05 pH units) relative to control during the first hour of hypercapnic exposure (P < 0.001) (Fig. 3B ), but thereafter there was a time-dependent return towards control due to a ß8 mEq/L increase in [HCO 3 − ] during the first week of hypercapnic exposure (Fig. 3E) (Siesjo, 1972) . Based on this assumption, the stimulus to breathe is initially elevated above control during the initial exposure to 6% InCO 2 (P < 0.001) but then is partially buffered during the first week of hypercapnia due to the large increase in arterial [HCO 3 − ] (P < 0.001) or the increase in arterial buffering capacity, represented by a sustained reduction in [H + ]/P aCO 2 during chronic hypercapnia (P < 0.001; Fig. 3F ). Importantly, the buffering of the arterial blood, while greatly elevated during chronic hypercapnia, does not completely restore acid-base balance resulting in a sustained slight acidosis (−0.03 pH units or ß2.5 nmol/L in [H + ]; Fig. 3B ,C). In contrast, we found minimal or no changes in pH (P = 0.962), [HCO 3 − ] (P = 0.066), [H + ] (P = 0.959) or buffering capacity ([H + ]/P aCO 2 ) (P = 0.055) throughout the 30 days of exposure to room air in the control goats (Table 1) .
Arterial blood electrolytes during chronic hypercapnia
The largest change in blood electrolytes was a decrease in arterial [Cl − ] during the first week of chronic hypercapnia (P < 0.001; Fig. 4A ), which was concurrent with the observed increases in arterial [HCO 3 − ]. Other electrolyte adaptations during chronic hypercapnia included a small, but significant increase in arterial [K + ] (P = 0.006) (Fig. 4D) , and a decrease in arterial haemoglobin (P < 0.001) (Fig. 4C ) without effects in arterial [Na + ] (P = 0.748), [Ca 2+ ] (P = 0.335) or blood glucose (P = 0.727) (Fig. 4B,E,F) . During 30 days of room air exposure, there were no changes in measured electrolytes throughout the 30-day protocol with the exception of a During 30 days of exposure to room air, there were minimal changes in any of the physiological parameters studied. The exception was a significant increase in [Ca 2+ ] during day 1 of room air exposure, which returned to control thereafter.
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small but significant increase in arterial [Ca 2+ ] during the first day (P = 0.005; Table 1 ).
Metabolic rate, heart rate, blood pressure and body temperature adaptations during chronic hypercapniȧ V O 2 followed a similar pattern to ventilation during chronic hypercapnia, which increased during initial exposure to the elevated InCO 2 (P < 0.001) followed by a sustained attenuation for the remainder of the 30 days (Fig. 5A) . Despite the large increase inV O 2 during chronic hypercapnia,V CO 2 remained at control levels for the duration of the protocol (P = 0.161), resulting in a significant reduction in the RER (P = 0.011) (Fig. 5B,C) . Heart rate and blood pressure increased ß10 beats/min (P < 0.001) and 10 mmHg (P < 0.001), respectively, above control at Day 30 of hypercapnia (Fig. 6A,B) , whereas there were no changes in heart rate (P = 0.994) or blood pressure (P = 0.755) in control goats during 30 days of room air exposure (Fig. 6C,D) . There were minimal changes in body temperature from baseline to Day 3 of chronic hypercapnia, although body temperature was reduced ß0.5°C by Day 30 of chronic hypercapnia (P = 0.041; Fig. 7A ). In contrast, we found minimal changes in body Figure 3 . Arterial blood adaptations during 30 days of exposure to 6% InCO 2 A, P aCO 2 increased by 10 mmHg during the first day of increased InCO 2 , followed by an additional 5 mmHg increase between days 1 and 2 of hypercapnia so that P aCO 2 was ß15 mmHg above control for the remainder of hypercapnic exposure. Arterial pH (B) initially decreased 0.05 units on the first day of hypercapnia, followed by a return towards control due to a nearly 8 mEq/L increase in arterial [HCO 3 − ] (D), leading to a ß0.03 unit acidosis throughout hypercapnic exposure. C, changes in arterial [H + ] mirrored changes in pH. F, the increase in HCO 3 − was reflected by the increase in steady-state buffering capacity. D, InO 2 was not controlled during exposure to 6% InCO 2 , and thus fell to ß19.5% InO 2 , although P aO 2 remained ß20 mmHg above control throughout hypercapnic exposure. The solid lines provide a reference to control values obtained at room air prior to 6% InCO 2 exposure. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
temperature in control room air-exposed goats (P = 0.867; Fig. 7B ).
Arterial-mixed expired P CO2 difference during chronic hypercapnia
The arterial-mixed expired P CO 2 difference declined from a control value of 19.0 mmHg during room air exposure to near 0 mmHg during the steady state upon initial exposure to hypercapnia (P < 0.001) and remained near this level for the duration of the 30 days of hypercapnic exposure (Fig. 8A) . Similarly, the arterial-mixed expired P CO 2 difference observed during the acute chemoreflex challenges was either near or less than 0 mmHg during acute exposure to 7% and 8% InCO 2 , respectively (Fig. 8C,D (Figure 3) . Thereafter, arterial chloride remained below control for the duration of chronic hypercapnia. Arterial potassium showed a small but significant increase during the first week of hypercapnia (D), that was maintained throughout hypercapnic exposure. Haemoglobin decreased ß1 g/dL during the first week of hypercapnia and remained below control (C). Minimal changes were noted in arterial sodium (B), calcium (E) and blood glucose (F), during chronic hypercapnia. The solid lines provide a reference to control values obtained at room air prior to 6% InCO 2 exposure. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
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the first week of hypercapnia, but this reduction occurred at variable times during the first week in each goat. When the responses are plotted as the acute chemosensitivities during the control period, the nadir during the first week, and across the remainder of chronic hypercapnia, there is a significant decline in both the V I / P aCO 2 and V I / [H + ] relationship during the first week of hypercapnia (P < 0.05), followed by a return to control levels (Fig. 9A,B) . Similar responses were noted in the slopes of ventilatory drive to H + ( V T /T I / [H + ]) and P aCO 2 ( V T /T I / P aCO 2 ) responses during acute CO 2 chemoreflex challenges (P < 0.05) (Fig. 9C,D) . In contrast, the slopes of diaphragm activity relative to H + and P aCO 2 ( ÞDia EMG/ [H + ] and ÞDia EMG/ P aCO 2 , respectively) showed a sustained reduction throughout chronic hypercapnia (P < 0.01), suggesting further recruitment of other respiratory muscles to maintain the acute ventilatory responses during hypercapnia (Fig. 9E,F ). There were no changes in any index of acute CO 2 chemosensitivity during 30 days of exposure to room air (P > 0.05; (Fig. 10) . Due to the incomplete arterial blood buffering and sustained slight elevation in arterial [H + ] during chronic hypercapnia, steady-state ventilation would be predicted to be ß7 L/min above control throughout chronic hypercapnia. However, the measured ventilation significantly exceeded the predictedV I for each day of chronic hypercapnia (P < 0.001), suggesting a disconnect between steady-state ventilation and the acute CO 2 /[H + ] chemoreflex responses during chronic hypercapnia. , CO 2 excretion (V CO 2 ) and respiratory exchange ratio (RER) during 30 days of chronic exposure to 6% InCO 2 V O 2 increased 0.12 L/min from control during initial exposure to 6% InCO 2 (A), followed by an attenuation between days 1 and 2 of chronic hypercapnia. Thereafter,V O 2 remained ß0.06 L/min above control for the remainder of hypercapnic exposure. In contrast,V CO 2 (B) remained near control levels during 30 days of chronic hypercapnia, resulting in a sustained reduction in RER (C), which is consistent with increased tissue storage of CO 2 . The solid lines provide a reference to control values obtained at room air prior to 6% InCO 2 exposure. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
Shift in ventilatory set-point during chronic hypercapnia
The ventilatory set-point represents the relationship between ventilation and ventilatory stimuli ([H + ]) during a steady state. Shown in Fig. 11 Figure 6 . Heart rate and mean arterial blood pressure during 30 days of exposure to 6% InCO 2 or room air Heart rate increased during initial exposure to 6% InCO 2 (A) and remained ß10 beats/min above control throughout 30 days of chronic hypercapnia (A). Similarly, mean arterial blood pressure increased by ß10 mmHg during the first week of hypercapnia, and remained elevated thereafter (B). Minimal changes were noted in either heart rate or mean arterial blood pressure during 30 days of room air exposure (C, D). The solid lines provide a reference to control values obtained at room air prior to 30 days of 6% InCO 2 or room air exposure. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
Figure 7. Body temperature (°C) during 30 days of chronic exposure to 6% InCO 2 or room air
There were minimal changes in body temperature during the first 3 days of hypercapnic exposure, but body temperature declined throughout the remainder of chronic hypercapnia and was ß0.5°C below control by day 30 of chronic hypercapnia (A). No changes in body temperature were noted during 30 days of exposure to room air (B) . P values shown represent the interaction term between time of day and duration of hypercapnia with a two-way repeated measures ANOVA.
J Physiol 596.22
to hypercapnic exposure, and following 30 days of chronic hypercapnia. The first point in each line represents the steady-state ventilatory set-point, and the slope of the relationship during increasing [H + ] represents the gain of the system to challenges of H + that exceed this set-point. In other words, the set-point value represents homeostasis during the steady state, and the slope represents the function of the error sensing mechanism to deviations Figure 8 . Arterial-mixed expired CO 2 difference during chronic exposure to 6% InCO 2 and acute exposure to 7% and 8% InCO 2 During 30 days of exposure to 6% InCO 2 , the arterial-mixed expired CO 2 difference fell to near 0 mmHg (A), suggesting an increased contribution of gastric CO 2 to the mixed expired CO 2 . Acute exposure of 5 min each to 7% (B) and 8% InCO 2 (C) resulted in a near (7%) or below (8%) 0 mmHg arterial-mixed expired CO 2 difference, with minimal changes in this response during 30 days of chronic hypercapnia. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
in blood gases/acid-base status. During chronic hypercapnia, this relationship was leftward-shifted so that ventilation for any given arterial [H + ] is at an elevated level (P < 0.001). However, the slope of the ventilatory response to acute increases in InCO 2 remains unaltered, consistent with a shift in set-point to an elevated level with no change in gain of the system (Fig. 11) .
Cognitive function declines during chronic hypercapnia
Cognitive function assessments based upon a shape discrimination test declined by nearly 50% during the first week of hypercapnia, and remained below control throughout the 30 days of chronic hypercapnia (P < 0.001; Fig. 12A ). Minimal changes in cognitive function performance were noted in goats exposed to 30 days of room air (P = 0.380; Fig. 12B ).
Discussion
Consistent with some of the previous studies using chronic increased InCO 2 (Schaefer, 1949; Schaefer et al. 1963a; Clark et al. 1971; Pingree, 1977; Guillerm & Radziszewski, 1979; Lai et al. 1981; Jennings & Davidson, 1984) , we demonstrated here in adult goats a biphasic hyperpnoea during 30 days of chronic hypercapnia, where steady-state ventilation increased and then partially returned toward baseline where it remained elevated thereafter. The initial respiratory acidosis (during the uncompensated phase of hypercapnia exposure) was also partially mitigated over time due to an apparent renal compensation providing a large increase in arterial [HCO 3 − ]. During chronic hypercapnia, there was a transient decrease in the ventilatory CO 2 /H + chemoreflex, but this response returned toward normal despite the sustained increase in steady-state ventilation, resulting in a disconnect between the acute CO 2 /H + chemoreflex and steady-state ventilation. Finally, we found a substantial and sustained decrease in cognitive function during chronic hypercapnia.
Dissociation of steady-state breathing and acute CO 2 chemoreflexes during chronic hypercapnia
Of note are two important assumptions that were made regarding the chemical control of ventilation and our interpretation of the relationship between the acid-base status and the temporal pattern of ventilation: (1) the primary stimulus for ventilation is [H + ] (Winterstein, 1956; Nattie, 2011) , and (2) The disconnect becomes particularly apparent by the significant difference between the predicted ventilation compared to measured ventilation throughout chronic hypercapnia, where measured ventilation exceeded predicted ventilation (Fig. 10) (Fig. 11) . These data suggest that the relationship between ventilation and any given amount of ventilatory stimulus ([H + ]) during the steady state was elevated, consistent with the conclusion of a shift in the ventilatory set-point to an elevated level.
What mechanism(s) can account for a shift in the ventilatory set-point to an elevated level during chronic hypercapnia without changing the gain/slope of the acute CO 2 chemoreflex? First, our data show that the ventilatory CO 2 chemoreflex is unaffected or transiently reduced (in the early phase of the response), suggesting that a generalized increase in cellular CO 2 /pH sensitivity (A, B) . The time at which this nadir occurred within the first week varied temporally between goats, and thus the nadir for each goat is represented between days 2 and 7 of hypercapnia. The initial decline was followed by a recovery to at or near control levels by the end of the first week for both indices of chemosensitivity (A and B) . Ventilatory drive (V T /T I ) CO 2 and H + chemosensitivity followed a similar pattern with a decline during the first week of hypercapnia, followed by recover to at or near control levels (C, D). Lastly, diaphragm muscle EMG activity during chemoreflex challenges remained below control at nearly all time points (E, F), indicating further respiratory muscle recruitment to maintain ventilation during the chemoreflex challenges. The solid lines provide a reference to control values obtained prior to chronic hypercapnic exposure. P values shown were derived from a one-way repeated measures ANOVA (time as factor).
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does not constitute a mechanism for an increased ventilatory set-point during chronic hypercapnia. CNS cell populations with intrinsic cellular CO 2 /pH sensitivity, such as glutamatergic retrotrapezoid nucleus (RTN), serotonergic raphe and catecholaminergic locus coeruleus (among other) neurons, are thought to be major contributors to the acute ventilatory CO 2 chemoreflex through changes in firing rates that 'encode' CO 2 /pH. However, increases in cellular sensitivity to respiratory acidosis would probably affect resting ventilation and the slope of the CO 2 response through generalized increases in tonic activity during chronic acidosis and/or excitatory neuromodulation.
It has long been questioned as to why there are presumably multiple 'sites' of central respiratory chemoreceptors within the CNS. One postulate is that there are multiple sites in order to match homostatic demands under changing conditions, providing a dynamic and responsive system that attempts to maintain pH homeostasis. One possible explanation for the shift in set-point could be that during chronic changes in the environment, or in the context of disease, various cell populations take on new roles in the control of breathing and pH regulation. For example, the observed shift in the ventilatory set-point during chronic hypercapnia may involve a presynaptic mechanism involving both slowly adapting tonic, and rapidly adapting phasic chemosensitive populations of neurons that 'drive' the ventilatory control network, acting to distinctly modulate steady-state ventilation and the acute chemoreflex (Fig. 13) . Separate tonic and Figure 10 . Actual vs. predicted minute ventilation during 30 days of chronic exposure to 6% InCO 2 Minute ventilation of the goats during 30 days of chronic hypercapnia remained significantly above the level of ventilation that would be predicted from the steady-state level of arterial [H + ] and the results from the acute CO 2 /[H + ] chemoreflex for each day of chronic hypercapnia. The sustained elevation of measured ventilation above the predicted values represents a disconnect between steady-state ventilation and the acute chemoreflex during chronic hypercapnia, and a shift in the ventilatory set-point to an elevated level. The solid line provides a reference to control values obtained prior to 6% InCO 2 exposure. The P value shown was derived from a two-way ANOVA (predicted vs. actual ventilation and time as factors).
phasic chemosensitive neuronal populations have been identified within the brainstem (Fukuda et al. 1980; Arita et al. 1988; Nattie et al. 1993) , and thus it is possible that some of the known CO 2 /pH chemoreceptor neurons may alter their contributions during chronic hypercapnia whereby the tonically active chemosensitive neurons would remain highly active during chronic hypercapnia, while phasic chemosensitive neurons may 'reset' to this newly established set-point.
An alternative explanation for the shift in set-point could be the presence of a postsynaptic mechanism with both tonic and phasically active receptors of respiratory motor/pre-motor neurons receiving input from chemosensitive cells within the respiratory network (Fig. 13) . For example, the presence of tonically active receptors receiving input from chemosensitive nuclei may be constitutively active during the steady state by responding to a tonic homeostatic input from chemosensitive nuclei. In contrast, phasically active receptors within the same neurons may provide a mechanism to translate information about rapid changes in signal intensity, as would be the case during acute CO 2 /H + challenge. However, phasically active receptors would reset during sustained input to the neuron(s), as would be the case during chronic hypercapnia, in order to give responsiveness on top of a tonically elevated input signal.
We note that our data suggest both hypothesized mechanisms, but provide no direct evidence of any Following 30 days of chronic exposure to 6% InCO 2 there is a leftward shift in the relationship between ventilation and arterial [H + ], suggesting a shift in the ventilatory set-point to an elevated level, such that ventilation for a given concentration of H + in the arterial blood is greater during chronic hypercapnia than during control. However, the gain of the error-sensing mechanism to acute changes in arterial H + from homeostasis, represented by the slope of theV I /H + relationship during acute increases in arterial H + , remains unchanged following 30 days of chronic hypercapnia. The P value represents the significance term from an analysis of covariance (ANCOVA).
proposed molecular mechanism. Further work investigating the network properties of neuronal and/or glial responses to chronic hypercapnia is needed to determine the phenomena accounting for the shift in the ventilatory set-point observed during chronic hypercapnia in our model. Results from this work may uncover properties governing separate mechanisms regulating steady-state encoding of chemical ventilatory stimuli to maintain homeostasis and defence/error-sensing mechanisms that provide responsiveness at any given ventilatory homeostatic set-point.
Integrated physiological responses to chronic hypercapnia
There were several changes in measured variables that indicate a systemic, integrated response to chronic hypercapnia. First, with the additional reclamation of renal HCO 3 − to add buffering capacity, there was a predictable reduction in arterial [Cl − ]. This change is a well-known phenomenon which aims to maintain electrical neutrality (balance between cations such as Na + with anions) in the face of an increase in anions, which clinically is referred to as the Anion Gap. While this decrease in Cl − anions was predicted, there was a greater increase in HCO 3 − than a reduction in Cl − in our model of chronic hypercapnic acidosis. Thus, it follows that further reductions in other unmeasured anions or increases in unmeasured cations must account for the maintenance of electroneutrality of the blood. While our data show a decrease in haemoglobin during hypercapnia, which may partially contribute to the maintenance of electroneutrality, it remains unclear how ionic flux may ultimately be affected.
Second, consistent with some (Schaefer et al. 1963a; Lai et al. 1981) , but not other (Schaefer et al. 1975; Jennings & Davidson, 1984) studies of chronic hypercapnia, we observed an increase inV O 2 during chronic hypercapnia.
Contributing to this increase was probably the increased work of breathing from the biphasic, sustained hyperpnoea observed, although the exact contribution remains to be determined. In contrast toV O 2 , there was no change in CO 2 excretion (V CO 2 ) during exposure to chronic hypercapnia. The separation betweenV O 2 andV CO 2 during chronic hypercapnia may seem paradoxical. However, if CO 2 storage within body tissues (muscle, bone, fat, etc.) was increased during hypercapnia, which has been observed in other studies (Schaefer et al. 1963b; Reichart et al. 1976; Schaefer, 1982) , this may result in an additional CO 2 buffering mechanism and account for the minimal changes inV CO 2 and subsequent decrease in RER observed in our model. Third, another potential CO 2 buffering mechanism to remove CO 2 from the body during chronic hypercapnia is gastric CO 2 excretion. As explained by Dean (2011) in the theory of gastric CO 2 ventilation, during respiratory acidosis CO 2 may be consumed during gastric acid production, reconstituted to CO 2 within the stomach, and subsequently removed by bulk flow through the oesophagus, contributing significantly to the mixed expired CO 2 concentration measured at the mouth. Under normal conditions, P aCO 2 exceeds P ECO 2 due to contributions of deadspace ventilation to P ECO 2 . However, as the contribution of gastric CO 2 increases, P ECO 2 may equal or even exceed P aCO 2 values. Important to note is that the measurement of P ECO 2 values equal to or exceeding P aCO 2 occur only when ventilation is measured oronasally, in which the expired air consists of contributions from both the trachea and the oesophagus. Measurement of P ECO 2 from an endotracheal tube bypasses the contributions of expired air from the oesophagus. Findings of P ECO 2 values equal to or exceeding P aCO 2 have been noted by others during hypercapnia (Jennings & Chen, 1975; Forster et al. 1986 ). During chronic hypercapnia we observed P ECO 2 values that Figure 12 . Number of correct shape selections during 30 days of exposure to 6% InCO 2 or room air Daily, goats were presented 10 times with two shapes (X and O) and positively rewarded with food immediately upon a correct choice. There was a significant decline in shape selection performance during 30 days of chronic exposure to 6% InCO 2 (A), with minimal changes in performance during 30 days of exposure to room air (B) . P values shown were derived from a one-way repeated measures ANOVA (time as factor). J Physiol 596.22 were near P aCO 2 values during the steady state, and P ECO 2 values that exceeded P aCO 2 values during acute chemosensitivity challenges, suggesting involvement of gastric CO 2 excretion as a further CO 2 buffering mechanism during chronic hypercapnia.
Fourth, heart rate and blood pressure increased during the first week of hypercapnia and remained elevated throughout the remainder of chronic hypercapnia. This response has been noted in COPD patients who retain CO 2 (Fontana et al. 2000) , suggesting that hypercapnia per se may elicit pressor responses within the cardiovascular system in healthy but chronically hypercapnic mammals. Mechanisms for this pressor response have been hypothesized to result from increased sympatho-adrenergic tone, as evident by positive correlations between hypercapnia and catecholamine secretion (Rose et al. 1983; Low et al. 1993) .
Finally, body temperature declined during 30 days of chronic hypercapnia, despite the increase in heat production as indicated by the sustained increase inV O 2 . Figure 13 . Proposed mechanism(s) accounting for the shift in ventilatory set-point during 30 days of exposure to 6% InCO 2 The shift in ventilatory set-point may involve either presynaptic and/or postsynaptic mechanisms. A, the proposed presynaptic mechanism involving both tonic and phasic chemosensitive input into a respiratory motor neuron. Under eucapnic conditions, the primary input onto the respiratory motor neuron is from tonic presynaptic chemosensitive input. During acute hypercapnia, input from the tonic presynaptic input is elevated, alongside increased input from the phasically chemosensitive presynaptic neuron. During chronic hypercapnia, the phasically active chemosensitive input is silenced, whereas elevated input from the tonic chemosensitive presynaptic neuron is maintained. B, the alternative postsynaptic mechanism accounting for a shift in the ventilatory set-point during chronic hypercapnia. In this schematic, there is the presence of both tonically active and phasically active receptors upon the postsynaptic membrane of a respiratory motor neuron. Under eucapnic conditions, activity from the presynaptic chemosensitive neuron activates the tonically active receptors upon the postsynaptic membrane of the respiratory motor neuron. However, during acute hypercapnia, there is both elevated activity of the tonically active receptors, and contribution from the phasically active receptors. During chronic hypercapnia, the phasically active receptors are silenced, whereas activity from the tonically active receptors is maintained at an elevated level.
The mechanism contributing to the decline in temperature within our model is unknown, but the fall in temperature was probably not from increased convective heat loss presumably accompanying the sustained hyperpnoea as there was no change in temperature by day 3 of chronic hypercapnia, despite the sustained hyperpnoea. The decline in body temperature observed during 30 days of exposure to 6% InCO 2 was consistent with previous reports of a decline in body temperature during acute hypercapnic exposure in dogs (Jennings, 1979) . However, this acute response in dogs was followed by a recovery of temperature during chronic hypercapnic exposure, contrasting with the results from this study on goats. Interestingly, a major factor in the control of breathing, the acute CO 2 chemoreflex and body temperature control is the brainstem serotonin system. Deficiencies in serotonergic neurons in genetically modified mice indicate poor heat production and reductions in the ventilatory CO 2 chemoreflex, without effects on eupnoeic ventilation or basal V O 2 . In contrast, CBD-induced hypoventilation was also associated with a major suppression of the rate-limiting enzyme in serotonin synthesis, tryptophan hydroxylase, in addition to the serotonin reuptake transporter SERT. Thus, while it is unclear if chronic hypercapnia induces a downregulation of the brainstem serotonin system, it may represent an integrative centre that could be differentially affected in the chronic hypercapnic state.
A decline in cognitive function results from chronic hypercapnia in otherwise healthy adult goats Respiratory diseases resulting in chronic hypercapnia lead to an increase in morbidities that substantially decrease the quality of life and increase the risk of mortality. Morbidities associated with CO 2 retention in respiratory diseases such as COPD include hypertension, heart failure, osteoporosis, diabetes, muscle weakness, heightened inflammation and cognitive dysfunction (Sin et al. 2003; Donaldson et al. 2005; Holguin et al. 2005; Joppa et al. 2006; Mannino et al. 2008) . Previous studies investigating the causal role of individual aspects of respiratory disease to the development of these morbidities have been limited by the presence of multiple potential causal factors such as hypercapnia, hypoxia and lung injury. Thus, there is a need to determine within an experimental model the individual role of these factors to the development of morbidities within respiratory disease. Herein we studied the role of chronic hypercapnia per se to the development of morbidities associated with respiratory diseases such as COPD. Consistent with clinical cases of respiratory disease patients, we observed a decline in cognitive function during 30 days of chronic hypercapnia. The mechanisms contributing to the association of chronic hypercapnia with cognitive dysfunction in our model are unknown. However, we hypothesize that the decline in cognition in our model of chronic hypercapnia suggests that hypercapnia per se may alter cellular function within higher brain centres, leading to maladaptations that potentially underlie alterations in cognition often observed in pathological cases of hypercapnia. Studies investigating the effects of chronic hypercapnia on specific brain regions important for cognition, such as the hippocampal formation, orbitofrontal cortex, medial pre-frontal cortex and the insular cortex are needed to determine the underlying mechanism of the hypercapnia-induced cognitive dysfunction. One potential mechanism of hypercapnia-induced cognitive decline could be the effects on serotonin (5-HT) in cortical regions. We previously reported that CBD-induced hypercapnia in goats reduced the central enzyme (tryptophan hydroxylase) for 5-HT synthesis by 50% (Miller et al. 2013) . Others have shown that decreasing central 5-HT by tryptophan depletion impairs stimulus reward learning (Rogers et al. 1999) . Another potential mechanism may be from hypercapnia-induced alterations in cerebral blood flow. Previous studies investigating cognitive function in mice have shown that alterations in cerebral blood flow lead to a form of cognitive dysfunction known as vascular cognitive impairment (Zuloaga et al. 2016) . Additionally, chronic hypercapnia has been shown to alter sleep patterns (Fraigne et al. 2008) , which may directly influence cognitive performance in our model if sleep patterns were disrupted from the chronic hypercapnia. Accordingly, our goat models of chronic hypercapnia will be useful in gaining an understanding of the role of 5-HT depletion, cerebral blood flow, sleep disruption and other mechanisms to explain cognitive dysfunction. In addition, results from our study, and future studies investigating causal factors between chronic hypercapnia and cognitive dysfunction may have implications towards the treatment of respiratory disorders by suggesting the need to correct arterial CO 2 levels within patients retaining CO 2 , in addition to the correction of hypoxaemia, which is traditionally the standard of care.
Summary, conclusions and importance
The results from this study provide a comprehensive dataset that provides insight into the multi-system physiological responses that occur during chronic hypercapnic exposure. First, our data demonstrate that chronic hypercapnia uncovers an uncoupling between steady-state ventilation and the acute CO 2 /H + chemoreflex, suggesting that under these conditions, steady-state ventilation may adapt independently of acute error-sensing mechanisms in order to meet altered homeostatic demands, whilst retaining reactivity to acute challenges in the face of new homeostatic set-points. Second, we have shown J Physiol 596.22 an integrated systemic response to chronic hypercapnia within the same animals over 30 days of chronic hypercapnia, including an apparent renal compensation to buffer the respiratory acidosis, along with a proposed increased tissue CO 2 storage, and increase in gastric CO 2 excretion. There was also a sustained tachycardia and modest hypertension, suggesting a pressor and potential sympatho-adrenal response resulting from the hypercapnia. Lastly, we also show that chronic hypercapnia per se leads to a decline in cognitive function in an otherwise healthy animal, suggesting the cognitive decline in respiratory disease patients with COPD may result from hypercapnia alone. The significance/importance is that the findings herein provide an animal model/preparation for future studies to elucidate changes that occur in the brain that underlie physiological/cognitive changes due to hypercapnia per se. This is particularly important for better understanding the physiological/neurological consequences that occur during times of CO 2 retention, including not only disease states such as COPD, but also the study of environmental CO 2 exposure that occurs in fields such as aerospace, undersea and military research. Future studies investigating the causal mechanism for these findings may provide novel therapeutic targets to further our understanding of respiratory disease progression and allow for advancement of respiratory disease management and reversal of cognitive decline.
Translational Perspective
Patients with pulmonary or other diseases often present with respiratory insufficiency characterized by high arterial carbon dioxide (P aCO 2 ), reduced ventilatory sensitivity to CO 2 and cognitive impairment. Patients with CO 2 retention have poorer prognoses and life expectancy than patients without CO 2 retention. However, the contributions of hypercapnia per se to reduced ventilatory CO 2 sensitivity and impaired cognition are not known. Here, we measured the ventilatory and integrated physiological consequences of chronic hypercapnia (30 days) in a large animal species (goat) to test the hypothesis that hypercapnia per se alters ventilatory CO 2 sensitivity and impairs cognitive function. Chronic increases in inspired CO 2 (F ICO 2 = 6%) led to multiphasic ventilatory responses in both steady-state ventilation and acute ventilatory CO 2 /H + chemoreflex sensitivity, where steady-state ventilation initially increased, followed by a sustained attenuation, and ventilatory CO 2 sensitivity decreased transiently and returned to normal. This response differs greatly from the time-dependent increase in both steady-state ventilation and the ventilatory CO 2 /O 2 chemoreflexes observed during chronic hypoxia, suggesting different mechanisms of plasticity underlying acclimatization to the different conditions. Future studies investigating the different mechanisms of plasticity may identify unique targets susceptible to differential therapeutic manipulation between the two conditions. Additional physiological adaptations to chronic hypercapnia included shifts in blood electrolytes, increases in tissue CO 2 storage and gastric CO 2 excretion, elevations in heart rate and blood pressure, and decreases in body temperature. Lastly, chronic hypercapnia was associated with a decline in cognitive performance. These findings in our large animal model suggest that hypercapnia per se does not directly alter ventilatory CO 2 sensitivity, but may directly or indirectly drive multiple adaptive/maladaptive changes in integrated responses and impair cognitive function. Thus, treatments aiming to correct CO 2 retention in patients with disease may prevent maladaptive physiological effects and cognitive decline to potentially improve quality of life in patients suffering from diseases associated with hypercapnia.
